The friction force acting on a small neutral particle during relativistic motion relative to the blackbody radiation is calculated in the framework of a fluctuation electrodynamics. It is shown that the particle acceleration is determined by the friction force in the particle rest reference frame (K ′ -frame) which in general is not equal to the friction force in the frame of the blackbody radiation (K-frame). The difference between the friction forces in the different frames is connected with change of the rest mass of a particle due to absorption and emission of radiation. The friction force in the K ′ -frame is determined only by the interaction of a particle with the blackbody radiation. In the K-frame the interaction of a particle with its own thermal radiation also contributes to the friction force. For the steady state temperature of a particle the friction forces in the K ′ -and K-frames are equal. For an atom the blackbody friction is determined by electronic linewidth broadening which is calculated considering the interaction of an atom with its own radiation.
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A remarkable example of the forces induced by fluctuations is the friction force acting on a particle at motion relative to the fluctuating electromagnetic field created by thermal and quantum fluctuations. Radiative friction has deep roots in the foundation of quantum mechanics. Friction force during motion of a particle relative to the blackbody radiation was studied by Einstein and Hopf 1 and Einstein 2 in early days of quantum mechanics. Friction in this case can be explained by the direction-dependent Doppler effect. In the rest reference frame an atom absorbs blue-shifted counterpropagating blackbody photons, while emitting these photons in all directions that leads to the momentum transfer and friction. Blackbody radiation friction is connected with the interaction of atoms with the cosmic blackbody radiation [3] [4] [5] and also with a fluctuating electromagnetic field which always presents close to the surface of any absorbed medium.The last type of friction is responsible for noncontact friction 6 which arises between bodies even in absence of physical contact. The friction induced by the electromagnetic fluctuations was studied in the configurations plate-plate 6-11 , neutral particle-plate 6,12-21 , and neutral particle-blackbody radiation 5, 6, 11, 17, 22 . However, the theory of radiative friction is still controversial. As an example, different authors have studied the friction force between small neutral particle and blackbody radiation 5, 6, 11, 14, 17, 22, 23 , using different approaches, and obtained results which are in sharp contradiction to each other. In Refs.
1,2,5,6,11 only interaction of a particle with blackbody radiation was taken into account, therefore the friction force depends only on the temperature of this radiation. From other side, in Refs.
14,17,22 the interaction of a particle with its own thermal radiation was also taken into account, in this case the friction force depends on both temperatures of a particle and blackbody radiation. Controversies between different theories of blackbody radiation friction recently were discussed in Ref. 22 . In present Letter the friction force acting on a neutral particle at relativistic motion relative to the blackbody radiation is calculated in the frame of the blackbody radiation (K-frame) and in the rest frame of a particle (K ′ -frame). The friction force in the different frames in general are not equal because of change of the rest mass of a particle as a result of absorption and emission of radiation.
We introduce two reference frame K and K ′ . K is the frame of blackbody radiation and K ′ is the rest frame of a particle. We assume that in the K -frame a particle moves with velocity V along the x-axis. The relation between the x-components of the momentum in the different reference frames is given by
where
2 is the rest energy of a particle. The rest energy can change due to absorption and emission of thermal radiation by a particle. From Eq. (1) follows connection between forces in the Kand K ′ -frames
where F x and F ′ x are the forces in the K-and K ′ -frames, respectively. The last term in Eq. (2) determines the rate of change of momentum of a particle in the K-frame due to change of its rest mass as a result of absorption and * E-mail address:alevolokitin@yandex.ru emission of radiation by a particle. Taking into account that dp
from Eq. (2) we get
From Eq. (4) follows that acceleration in the K-frame is determined by the friction force in the K ′ -frame. At uniform motion of a particle an external force f x should be applied to it. At V =const the equation of motion of a particle is
If the force f x does not change the rest mass of a particle then its value is the same in the K-and K ′ -frame, i.e.
In this case
i.e. for uniform motion of a particle an external force should be applied to it, equaled with opposite sign to the friction force in the K ′ -frame. In the K ′ -frame the Lorenz force on the particle is determined by the expression 13,24
where according to the fluctuation electrodynamics [25] [26] [27] p
e and E f ′ are a fluctuating dipole moment of a particle and the electric field of the blackbody radiation, p in′ e and E in′ are a dipole moment of a particle induced by the blackbody radiation and the electric field induced by a fluctuating dipole moment of a particle, respectively. Taking into account statistical independence of the fluctuating values, the Lorenz force can be written in the form
To calculate F ′ 1x writing the electric field in the K ′ -frame as a Fourier integral
and taking into account that
where α(ω ′ ) is the particle polarizability, we get
When we change from the K ′ -frame to the K-frame E ′ · E ′ * ω ′ k ′ is transformed as the energy density of a plane electromagnetic field. From the law of transformation of the energy density of a plane electromagnetic field 28 we get
According to the theory of the fluctuating electromagnetic field the spectral density of the fluctuations of the electric field is determined by
where the Green function of the electromagnetic field in the free space is determined by
T 1 is the temperature of blackbody radiation. Taking into account that
we get
Substitution (15) in Eq. (11) and integration over ω ′ give
where it was taken into account, that ω = (ω (16) can be written in the form
At small velocities (V ≪ c)F x = −ΓV , where
Eq. (18) was first derived in Ref.
5 using different approach. The rate of change of the rest energy of a particle in the K ′ -frame due to of absorption of blackbody radiation is determined by the equation
After calculations, similar to what were done when calculating F ′ 1x we get
From Eq. (2) the friction force acting on a particle in the K-frame due to interaction with blackbody radiation is given by
Introducing in the integral (21) the new variables:
where it was taking into account, that dω ′ dq ′ x = dωdq x . To calculate F ′ 2x in the K ′ -frame we use the representation of the fluctuating dipole moment of a particle as a Fourier integral
The electric field created in the K ′ -frame by the fluctuating dipole moment of a particle is determined by the equation
According to the fluctuation-dissipation theorem the spectral density of the fluctuations of the fluctuating dipole moment is determined by the equation
where T 2 is the temperature of a particle. Substituting Eqs. (29) and (30) in Eq. (10), and taking into account Eq.
(35) we get
Thus, in the rest reference frame of a particles the friction force due to its own thermal radiation is zero. It's due to the fact that in this frame, due to the symmetry, the total radiated momentum from the dipole radiation is identically zero. Thus, the change of momentum of a particle in the rest reference frame is determined by the Lorenz force F ′ x acting on a particle from the external electromagnetic field associated with the blackbody radiation observed in this reference frame. The rate of change of the rest energy of a particle in the K ′ -frame due its thermal radiation can be obtained with similar calculations
and the friction force in the K-frame associated with thermal radiation of a particle is given by
The total friction force in the K-frame is given by
Eq. (29) was first derived in Ref.
14 . Recently it was derived on the basis of a relativistically covariant theory 17 . The approach presented in this Letter is more compact and transparent, and it gives possibility to connect difference between the friction forces in the different frames with the absorption and emission of radiation by a particle. Note that the friction force F x can be either positive or negative.However, the acceleration, which is determined by the friction force F ′ x , is always negative. The total heat absorbed by a particle in the K ′ -frame is determined by equation
In the K-frame the total change of energy of a particle due to interaction with radiation can be calculated from the law of transformation of energy of a particle: E = γ(E 0 + p x V ), where E and E 0 are the total energy of a particle in the K-and K ′ -frame, respectively. From this relation we get equation for the rate of change of energy of a particle in the K-frame
The rate of change of energy of the blackbody radiation in the K-frame is determined by equation: dW BB /dt = −P . The steady state temperature of a particle is determined by the condition P ′ (T 1 , T 2 ) = 0 and for this state F x = F ′ x and P = F ′ x V . The friction force acting on a particle moving relative to the blackbody radiation is determined by the imaginary part of the particle polarizability. For an atom the imaginary part of the polarizability is determined by the atom electronic linewidth broadening due to the radiation mechanism which can be considered as the interaction of an atom with its own radiation. Taking into account this interaction, the induced dipole moment of an atom can be written in the form 13, 30 
where in the single oscillator model without the radiation linewidth broadening the atomic polarizability is given by the equation
α (0) is the static polarizability of the atom,D xx (ω, r 0 , r 0 ) is the reduced part of the Green function of the electromagnetic field in the vacuum which takes into account only the contribution from the propagating electromagnetic waves and determines radiation in far-field. The Green function of the electromagnetic field in the vacuum D xx (ω, r 0 , r 0 ) diverges at r = r 0 . However, the contribution from the propagating waves remains finite and purely imaginary at r = r 0 , and the divergent contribution from the evanescent waves is real. Therefore,D xx (ω, r 0 , r 0 ) = iImD xx (r 0 , r 0 ). From Eqs. (32) and (33) we get
The resonant contribution (ω 2 ≈ ω 2 0 ) is given by
and the off-resonant contribution in the far-field from resonance (
Using Eqs. (36) and (38) in Eq. (18) we get the resonant and off-resonant contributions to the friction coefficient
For typical temperatures the infrared thermal peak of the blackbody radiation is far below resonance frequency ω 0 , so dominates far off-resonant contribution (39), that has already been mentioned in Ref. 23 . The problem of calculation of the imaginary part of the atom's polarizability in the far off-resonant field was considered in Ref. 23 . It was noted that in the literature there are still remaining questions regarding the gauge invariance of the imaginary part of the polarizability. The gauge-invariant formulation presented in this Letter using the theory of the fluctuating electromagnetic field confirms that the polarizability of the atom, for small frequencies, is a nonresonant effect, which is proportional to ω 3 for small driving frequency ω. This is consistent with the length-gauge expression from Ref. 23 . Conclusions-It was shown that in the most simple way the friction force on a neutral particle at the relativistic motion relative to the blackbody radiation can be calculated in the rest frame of a particle (K ′ -frame) where the friction force is determined only by the interaction of a particle with the blackbody radiation. In the frame of the blackbody radiation (K-frame) the friction force can be found using the Lorentz transformation for the friction force. Friction force in the K-frame is determined by both interactions of a particle with the blackbody radiation and thermal radiation of a particle and can be either positive or negative. However, the acceleration, which is determined by the friction force in the K ′ -frame, is always negative. The difference between the forces in the different frames is connected with change of the rest mass of a particle due to absorption and emission of radiation by a particle. For the steady state temperature of a particle the friction forces in the K ′ -and K-frames are equal. For an atom blackbody radiation friction is determined by the radiation electronic linewidth broadening which can be calculated considering the interaction of an atom with its own radiation. The obtained results can be used for studying of the interaction of cosmic rays with background blackbody radiation and noncontact friction.
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